Controlling motion at the microscopic scale is a fundamental goal in the development of biologically inspired systems. We show that the motion of active, self-propelled colloids can be sufficiently controlled for use as a tool to assemble complex structures such as braids and weaves out of microscopic filaments. Unlike typical self-assembly paradigms, these structures are held together by geometric constraints rather than adhesive bonds. The out-of-equilibrium assembly that we propose involves precisely controlling the 2D motion of active colloids so that their path has a nontrivial topology. We demonstrate with proof-ofprinciple Brownian dynamics simulations that, when the colloids are attached to long semiflexible filaments, this motion causes the filaments to braid. The ability of the active particles to provide sufficient force necessary to bend the filaments into a braid depends on a number of factors, including the self-propulsion mechanism, the properties of the filament, and the maximum curvature in the braid. Our work demonstrates that nonequilibrium assembly pathways can be designed using active particles.
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colloidal machines | active colloids | self-assembly | braids and weaves B iology has long been known to use a combination of programmable interactions with specific energy input through small molecules (ATP) to create remarkable machines. Because we have not yet developed the ability to emulate these machines artificially, understanding assembly pathways at the microscopic scale is a fundamental challenge in both biology and nanotechnology (1). However, recently there have been major advances in colloidal science, making it possible to program interactions between individual units. This has led to robust assembly of complex structures, approaching the complexity of biological systems. But biological systems also use specific energy input of small molecules to create machines. How can we do this with soft materials?
A parallel recent development has been to use chemical reactions on the surface of colloids to create motility mechanisms. This has led to the growth of the field of active matter, which aims to design, control, and understand self-propelled particles (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . These active particles provide significant yet untapped potential: by combining this mechanism for energy input with controllable interactions, it becomes possible to imagine the creation of colloidal-scale machines that can do work and perform tasks.
Here we present a proof-of-principle demonstration of how this could work. We show one way in which active colloids can be harnessed to drive the assembly of weaves and braids, turning long filaments into complex structures, using only active forces [e.g., hydrogen peroxide-propelled colloids (2-4)] and nonspecific short-range attractive forces (e.g., depletion forces). The typical self-assembly paradigm encodes information through the specific interactions between building blocks that in turn promote assembly. For example, a given amino acid sequence consistently folds into a specific protein structure, and DNA-coated colloids can be designed with specific interactions so that a desired structure is the thermodynamic ground state (13) (14) (15) . Our approach differs in that the information for assembly is not coded directly into the building blocks but is instead encoded in the active colloids, which serve as a microscopic assembly machine.
With examples ranging from fabrics to ropes to wicker baskets, weaves and braids play a prominent technological role at the macroscopic scale. One advantage of weaves and braids is that they are held together by the topology of the constituent filaments, making such objects or materials highly stable. In addition, weaving and braiding can be an effective way to alter material properties. For example, the strength of rope comes from the friction of the braided threads, and power loss in currentcarrying wires due to the skin effect and the proximity effect can be reduced by braiding multiple small wires together, making what is known as a Litz wire. However, although these advantages are particularly appealing at the microscopic scale, current technology does not include the ability to weave and braid microscopic filaments. [At the molecular scale, braids (16) and weaves (17) have been synthesized by chemically interlacing molecular building blocks, but this approach would clearly not work on the micrometer scale.]
Note that the topological constraints that make braids and weaves structurally stable also make self-assembly mechanisms for such small-scale structures challenging, because the structure cannot be assembled "all at once." It is necessary to start braiding at one end and work toward the other. Note that this feature distinguishes a braid from a twist, and we do not consider twists for the present work (although we will see how multiple twists can be combined to form a braid). We also do not consider knots, although it should be possible to extend our strategy to assemble such structures.
Our proposed scheme to weave and braid microscopic filaments with active particles is inspired by the so-called "maypole dance," which is depicted in the painting by Doris Lee shown in To perform this dance, a number of ribbons are attached at one end to the top of a large pole and held at the other end by the dancers. Moving in opposite directions, some clockwise and some counterclockwise, the dancers weave in and out of each other, pulling their ribbons with them. Importantly, the dancers' collective paths have a nontrivial topology, which is reflected in the woven structure of the filaments at the top of the painting. Note that the pole itself is necessary only to keep the top ends of the ribbons attached together and suspended.
The maypole dance demonstrates how motion in two dimensions can assemble a complex 3D structure, a basic principle behind modern industrial braiding machines. Our strategy uses this idea at the microscopic scale by using active colloids instead of human dancers. If the 2D motion of the colloids can be precisely controlled, then attaching filaments to the colloids would result in the filaments weaving together according to the motion of the colloids. The challenge clearly becomes controlling the precise motion of the colloids necessary for the desired structure.
Assembly via Active Colloids
How can one control the 2D motion of colloids? One approach, demonstrated by Pieranski et al. (18) , is to control particle motion externally through, for example, a magnetic field. However, this does not provide much flexibility and we seek a scheme that, similar to many self-assembly approaches, does not rely on any external control. Active, self-propelled particles offer an intriguing alternative. In addition to thermal motion, an active colloid on its own moves in a specific direction, which changes over time due to angular diffusion. Therefore, any attempt to control the motion of active colloids must be able to influence their orientations, and the simplest way to do this is to design some sort of track for the particles to move in. One possibility would be to use photolithography to create an indented track that guides an active rod-shaped particle via steric interactions.
Another one, which we discuss below, is to use photolithographic micropillars and short-range attractive forces to guide two spherical colloids. Although slightly more complicated, this approach is more interesting and offers more flexibility.
Consider three colloids of equal radius confined to 2D and arranged in a triangle, as shown at the right of Fig. 2A . The blue "fixed" particle cannot move and in practice could be a micropillar created by photolithography rather than a colloid, while the red "active" particle moves in the direction of the orange "passive" particle. There are various possibilities for implementing this type of active force experimentally (for example, using the asymmetric dimers of ref. 19 or even the "lock and key" scheme of ref. 20) , but for our purposes we simply take this as a given rule. In addition, all colloids experience steric repulsions and a very short-range attractive force, for example from depletion interactions.
For a system of just the micropillar and two colloids, the active colloid pushes the passive colloid in a clockwise circle around the micropillar. (This assumes that the active force is large enough to overcome friction and small enough to prevent the colloids from detaching from the micropillar.) Now consider placing a second micropillar at a distance from the first micropillar such that the colloids fit snugly between them. When the passive particle passes between the two micropillars, the attractive depletion forces cancel. Importantly, the force from the active particle is at an angle (position "2" in Fig. 2A ) so that the passive particle is An active (red) and a passive (orange) colloid can be designed to perform a figure-eight motion around two fixed micropillars (blue), as discussed in the text. The active particle is designed to push into the passive particle, as shown by the purple arrows. The black arrows show the depletion forces with the micropillars. (B and C) Brownian dynamics simulation of three filaments being braided by the figure-eight motion of the active colloid, with snapshots taken after approximately 1 full period (B) and 3.5 full periods (C) of the figure-eight motion. The full simulation can be seen in Movie S1.
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pushed completely onto the second micropillar. (This assumes that the active force is strong enough to overcome the energy barrier associated with binding between the passive particle and the first micropillar.) The same happens for the active particle, and the active-passive pair proceeds on to position "3." The pair then circles counterclockwise around the second micropillar before jumping back to the first micropillar to complete a "figure eight."
This motion now can be exploited to form a braid by attaching filaments to the two micropillars and the active particle. [Binding the third filament to the passive particle rather than to the active particle makes the system more susceptible to "mistakes" at position 2 when trying to cross from one micropillar to the other (discussion below).] As a proof-of-principle demonstration, we run Brownian dynamics simulations of the micropillars, colloids, and attached filaments, as discussed in more detail in Materials and Methods. Our model is intentionally simplistic because we want to focus on the general idea of braiding with active colloids and not limit ourselves to any one specific implementation. We discuss limits of experimental feasibility below. Fig. 2B shows the system in position "1" after one full period of the motion. The active colloid and micropillars are attached to filaments composed of 50 monomers each that were placed initially in a vertical line. Fig. 2B clearly shows how the orange filament (attached to the active colloid) wraps around and between the other two filaments. The braided structure is apparent in Fig. 2C , which shows the system in position 3 after 3.5 periods.
Note that the figure-eight motion is achieved using only ingredients that are individually well studied: active particles, depletion forces (or some other short-range attraction), and photolithography to set the precise geometry of the fixed micropillars. In addition, note that the structure of the braid is not affected if the path of the colloids is smoothly deformed provided that the deformation does not move the path through one of the micropillars. However, a path that, for example, circled only one of the micropillars without ever going around the other would produce a distinctly different braid. Thus, the braid structure can be described in terms of the topology of the path of the colloids on a 2D plane with the micropillars cut out.
Finally, note that the braid starts at the bottom and propagates up the filaments over time. In our example simulation, the top ends of the filaments are free and thus the braid unravels when it reaches the top. This can be prevented in a number of ways, for example by fixing the top ends together or attaching them to some other object (similar to the top of the pole in the maypole dance). The upward propagation of the braid depends on a number of factors, including the forces applied by the colloids at the bottom, the stiffness of the filaments, and the friction associated with filaments sliding past each other. In the maypole dance, the braid does not propagate but instead starts at the top because tension is maintained in the ribbons throughout the dance. In principle, the braiding of the filaments could also start at the top end if tension could be maintained throughout.
An alternate approach, which we demonstrate in our second example of active assembly, is to take advantage of the friction between filaments. In industrial weaving and braiding machines, the threads do not slide past each other; instead, new thread is continuously fed in at the braiding end. This corresponds to designing the filaments to grow at the end where they attach to the colloids. Although it may be difficult to design a specific filament to polymerize at an end that is also bound, we note that such behavior is not impossible and has been observed in crosslinked actin filaments (21) (22) (23) .
The simulation shown in Fig. 3 demonstrates two important extensions of the scheme shown in Fig. 2 . First, the figure-eight motion can be used as a building block to design more complicated topological motion and thus more intricate structures. Fig. 3A shows a line of five micropillars instead of just two; the active and passive colloids weave in and out of the micropillars, as shown. Second, the filament attached to the active colloid grows as the particles move.
When attached to filaments, the motion shown in Fig. 3A results in a more traditional weave structure with five "warp" strands (shown in gray in Fig. 3 B and C) and one "weft" strand (shown in green in Fig. 3 B and C) . In our Brownian dynamics simulations, we allow the green weft strand to polymerize at the end that is attached to the active particle (see Materials and Methods for more details). Matching the polymerization rate approximately to the lateral speed of the active particle prevents the weft strand from constantly being pulled through the structure and allows one to build larger structures. [In our simulations the polymerization rate is set by the concentration of diffusing monomers, which can easily be adjusted. In experimental systems, the ability to control the polymerization rate depends on the details of the system. In some cases, it is possible that force-sensitive polymerization could stabilize this process (24) .] In Fig. 3C , the weave pattern is clearly visible. Fig. 4 shows a final and slightly different example of assembling a braid using active particles. The setup is fairly simple: Two sets of active-passive colloids are set up to circle clockwise around separate micropillars. Unlike the above examples, the colloids do not jump from one micropillar to the other because the micropillars are sufficiently separated. When filaments are attached (again to the active colloids and micropillars), this causes the filament pairs to twist (Fig. 4A) . Now, attaching the four filaments together at the opposite end prevents the filaments from unraveling. As the twists propagate up the filaments, a torque develops at the top because both filament pairs want to twist in the same direction. This leads to a secondary twist in the opposite direction to relieve the tension, which can be seen in Fig. 4B . As the initial twists tighten, this secondary twist propagates down the length of the system (Fig. 4C) . A close-up of the final twist braid is shown in Fig. 4D . This scheme is significantly simpler than the previous examples because the active colloids simply rotate about the micropillars, and there are many ways to get colloids to actively rotate (7, (25) (26) (27) (28) (29) . Despite the simplicity of the motion of the individual active particles, the combination is sufficient to create a braid, further demonstrating the robustness of active particles as an assembly machine. In addition, the simulation in Fig. 4 shows two groups of two filaments each, but each group can have an arbitrary number of filaments and there can also be more than just two groups. The high symmetry of twist braids makes them ideal for many applications, ranging from rope and string to Litz wires.
For these schemes to successfully produce braids, the active colloids must be able to generate sufficient forces to bend the filaments. In Supporting Information, we approximate the force necessary to bend various biopolymers (30) into a braid and compare this with the potential driving force of a commonly studied active colloid (31) (Fig. S1 ). Whether the driving force is sufficient depends sensitively on the details of the application (in some cases it should work and in some cases it will not), and the technological challenge of increasing the driving force of active particles in order to broaden the applicability of these schemes warrants further investigation.
Better Ways to Control Colloidal Motion
The topology of the motion shown in Figs. 2 and 3 relies on the passive particle successfully jumping from one micropillar to another when it is in position 2 in Fig. 2A . This happens because the force from the active particle pushes the passive particle in the correct direction. However, the passive particle can sometimes "make a mistake" due to thermal fluctuations and remain with the original micropillar. The frequency of such mistakes depends not only on the temperature of the system but also on the precise form of the interactions and the geometry of the micropillars (see Materials and Methods for details of our simulations).
Because any investigation of the frequency of mistakes would be applicable only to our somewhat crude model, we instead present an alternate scheme to get the particle to jump from one micropillar to another. This alternate scheme, depicted in Fig. 5 A and B, is not susceptible to such mistakes and is perhaps more feasible experimentally. Note that using photolithography to grow the fixed micropillars has the advantage that the position and size of the micropillars can be controlled precisely. In addition, photolithographic micropillars can be grown in any desired shape to high precision.
Consider two micropillars, shown in blue in Fig. 5A , that instead of being circularly shaped as in Fig. 2A come to a point ( Fig. 5B shows a close-up view) . Now, instead of an active colloid and a passive colloid that are designed such that the active force always points in the direction of the passive particle, consider a single rod-shaped colloid with one active end, as shown. When in position 1 in Fig. 5B , depletion forces keep the rod pressed against the flat side of the micropillar so the motion is tangential to the surface even if the micropillar curves slightly. However, if the side of the micropillar ends abruptly, the active rod will move off the micropillar. The key is for the second micropillar to "catch" the rod, as shown in position 2 in Fig. 5B . This requires that the rod be long enough so that its orientation is always controlled by the depletion forces associated with one of the micropillars and also that the spacing of the micropillars be engineered to match the width of the rod. Fig. 5 A and B shows an active rod jumping from one micropillar to another as it moves from the bottom right to the top left. Clearly, a rod moving up and to the right from the bottom left would also successfully jump from one micropillar to the other. This is the key feature necessary for the braiding and weaving in Figs. 2 and 3 .
Note that the precise shape of the rest of the micropillar does not matter as long as the curvature is small enough that the rod does not spontaneously detach. Therefore, just as the figure-eight motion in Fig. 2 was extended to obtain the weave of Fig. 3 , the scheme in Fig. 5B is also a building block that can lead to more complicated motion. For example, the eye-shaped micropillars in Fig. 5C lead to the same weave motion as in Fig. 3 . Furthermore, such a line of micropillars can bend sharply or even circle onto itself, leading to a cylindrical weave structure (i.e., a sleeve).
Instead of using depletion forces (or some other short-range attractive force) to keep the rod tethered to the micropillars, there could also be a large micropillar encompassing the path so that the active rod simply moves along a track. The use of depletion forces has the effect of allowing a track to be "one sided," which may make it easier for freely moving active colloids to attach themselves to the track. We stress that the possible strategies for designing such a track are not limited to those presented here. Finally, we are now in a position to introduce a more intricate building block that was not possible using the cylindrical micropillars. Fig. 5D shows a vertical line of eye-shaped micropillars similar to Fig. 5C (blue) as well as a horizontal line of eyeshaped micropillars (green). Note that the central intersecting micropillars have gaps in them that allow for the rods to pass through them. For example, the active rod traveling from top to bottom along the blue vertical micropillars can pass over the gap (as shown) and continue unaffected along the blue micropillars. Similarly, an active rod moving from right to left along the green horizontal micropillars can pass through the vertical blue micropillars. Combined with the fact that the lines of micropillars can bend, loop, and terminate, this additional building block allows for the possible construction of much more complex and interesting structures beyond classical braids and weaves.
Conclusion
We have demonstrated that nonequilibrium assembly pathways can be designed using active particles, which serve as autonomous and programmable microscopic machines. This result leads to an approach to microassembly where complex objects composed of semiflexible filaments are constructed using active colloids; this paradigm is highly robust, extendable, and scalable. Unlike most nonequilibrium biological processes, our mechanism does not rely on ATP for a fuel source. Instead, it uses a controllable chemical reaction, for example, to generate motion, which suggests a possible alternative to complex ATP-driven machinery in the development of artificial microscopic machines.
Our assembly mechanism itself uses self-propelled colloids that, in analogy to the maypole dance, move in a path with a specific topology and thereby pull filaments into a braid or weave. This converts the assembly problem into a matter of controlling the motion of the active colloids. We have presented a few schemes for achieving this without any external input, accompanied by proof-of-principle Brownian dynamics simulations (Figs.  2-4) . In particular, the micropillar geometry shown in Fig. 5 should be both experimentally relevant and also highly robust and extendable, allowing for the assembly of increasingly complex structures. However, we emphasize that there are many other possible schemes to achieve motion with a specific topology that may be more relevant to different applications, and the notion of active assembly is by no means limited to the schemes presented here.
Materials and Methods
Interactions. We perform Brownian dynamics simulations to demonstrate how the 2D motion of active colloids can braid and weave filaments. The colloids are modeled as spheres of radius R L whereas the filaments are chains of monomers (discussed below) that are modeled as spheres of radius R S = R L /5. The micropillars are treated as colloids whose position is fixed. When any two spheres overlap, they feel a simple harmonic repulsive interaction of the form
where Θ(x) is the Heaviside step function and σ is the sum of the radii of the two spheres. For simplicity, the large colloids are restricted to move in a horizontal plane at the bottom of the system. In an experimental system, depletion forces could be used to keep the colloids attached to a horizontal plate. We model the short-range attractive forces between the large colloids using a generic one-sided cutoff Morse potential of the form
where .
[6]
R off is a cutoff distance and the constants C and D are set so that U M (r) and its derivative continuously approach zero at R off . Thus, for given values of a 0 and k M , we have
Finally, the active colloid experiences a force of magnitude f A in the direction of the passive particle. Because the passive particle does not experience an equal and opposite force, this cannot be written as the gradient of an energy surface and injects energy into the system.
The centers of the micropillars in Figs. 2 and 3 should be separated by approximately 4R L so that the active and passive colloids just fit between. Given the shape of the Morse potential, we choose the actual separation to be 4.15R L . This flattens slightly the energy landscape of the active and passive particles between the two micropillars, but we stress that this is not essential to the success of the scheme. If an experimental system uses hard colloids, some amount of leeway of this sort will of course be necessary.
The filaments are modeled as chains of the small monomers of radius R S . For two neighboring monomers in a chain, the Heaviside function in Eq. 1 is simply removed so the monomers are connected by a two-sided spring. In addition, filaments exhibit a bond-bending stiffness. For consecutive monomers h, i, and j in a filament, the bond-bending energy takes the form
where θ hij is the angle formed by the bond between monomers h and i and the bond between monomers i and j (note that θ hij = 0 when the particles are colinear). We note that this model is quantitatively very similar to one used to model actin filaments (23) . Finally, one end of each filament is attached to one of the large colloids or micropillars by a two-sided spring, which again is implemented by simply removing the Heaviside function from Eq. 1.
We note that we do not directly include hydrodynamic interactions between the filaments, which could affect the unraveling of a braid or weave at a free end. However, this would not change the qualitative results of Figs. 2-4 and there is a history of Brownian dynamics well capturing the relaxation of polymers (32) (33) (34) (35) (36) . In addition, we neglect lubrication forces, which in principle could affect the moment when the active and passive colloids move from one fixed micropillar to the other but in practice will have a negligible effect due to surface roughness. Dynamics. The overdamped Langevin equation for particle i is
where γ i is a friction coefficient, F i is the total force on the particle (i.e., the sum of the forces outlined above), and the elements of f i (t) are
Gaussian random variables that satisfy f α i (t) = 0 and f
, where α and β index spatial dimensions. For spherical particles of radius R i , the friction coefficient is γ i = 2dπηR i , where η is the dynamic viscosity of the system. The diffusion coefficient of the particle is
Eq. 8 is simulated using a time step of ∆t = 10 −3 , which is much slower than the relevant dynamics in the system. Polymerization. The simulation in Fig. 3 includes polymerization of the green filament at the end attached to the active colloid. This was implemented by including 1,500 free monomers (spheres of radius R S ) that diffuse throughout the periodic box (which has dimensions 150R S × 50R S × 100R S ) and are not shown in the images in Fig. 3 for clarity. When a free monomer comes into contact with the head of the green filament (meaning the end monomer that is attached to the active colloid), the free monomer is added onto the green filament and becomes the new head. Note that the small discontinuities in force caused by this abrupt polymerization are too small to affect the overall dynamics of the system.
For the parameters in our model, we use the following values: Here we consider the question of whether an active colloid is capable of providing enough force to bend a semiflexible filament enough to braid it. This is a difficult question to answer generically because the constraints will vary wildly depending on the application-relevant considerations include the bending rigidity, diameter, and maximum contour length of the filament or biopolymer; the type of braid/weave; the pitch; the number of periods; and the active mechanism for self-propulsion. Nevertheless, we proceed by approximating the force needed to bend various biopolymers and comparing this to the driving force of commonly used active particles. Note that catalytic micromotors are able to provide forces sufficient for cargo transport (37), demonstrating that they are able to move more than just themselves. The actual amount of force that an active particle can generate depends on the mechanism for self-propulsion and the details of the particle, but we can make a rough estimate by considering the polystyrene microspheres of Ebbens et al. (31) that are half-coated in platinum. The platinum reacts with hydrogen peroxide to create a concentration gradient across the particle that propels the particle forward. Ebbens et al. measured particle velocities of approximately 2 µm/s, which corresponds to a drag force of approximately 2 × 10 −13 N (given the reported diameter of 5 µm). This gives an estimate for the potential driving force of the particle.
Because curvature changes throughout the braid (Figs. 2 and  3) , we consider the simpler case of a filament coiled into a helix with radius Rm and pitch p. In a helix, the radius of curvature, Rc, is constant along the filament and is given by
[S1]
To calculate the force necessary to induce this amount of curvature, we treat the end of the filament as a cantilevered beam (38) . Consider a straight filament of length L end that lies along the x axis and is clamped at one end. We take this end to be the origin, so the clamping constrains the position of the filament and its derivative to satisfy y(0) = y (0) = 0. The colloid, which is attached at the other end, applies a perpendicular force F at x = L end . When this perpendicular force is small, the filament deflects and takes a shape given by y(x ) = (F /κ) L end x 2 /2 − x 3 /6 , where κ is the bending stiffness of the filament (38) . At x = 0 the radius of curvature is Rc(x = 0) = κ/FL end . If we make the reasonable approximation that L end should be roughly given by the pitch, L end ≈ p, we can approximate the force needed to bend the filament as where λ ≡ tan −1 (p/2πRm ) is the pitch angle and can be in the range 0 ≤ λ ≤ π/2. Note that κ = kBTLp, where Lp is the persistence length of the filament at temperature T .
In this calculation, we assume that the filament is relatively straight, meaning that the contour length of the filament, L, should be less than roughly the persistence length (L ≤ Lp). In addition, real filaments cannot be arbitrarily long and have a natural bound on their contour length (L ≤ Lmax). The contour length in turn sets an approximate upper bound on the pitch (p ≤ L) because we want the filament to bend by a nonnegligible amount relative to the length. Thus, we want to know the force from Eq. S2 for values of p/L less than 1.
To calculate the force necessary to braid real filaments, we use the data in table 1 in ref. 30 for the approximate diameter, persistence length, and maximum contour length of various biopolymers (microtubule, F-actin, intermediate filaments, and DNA) as well as SWNTs. We set the filament length to L = min(Lp, Lmax) and let the pitch be in the range 0 ≤ p ≤ L. Fig. S1 shows the force from Eq. S2 as a function of p/L, where we have taken Rm to be twice the filament diameter. At the beginning of the assembly process, the pitch can be as large as the contour length (p/L = 1), but as the braid forms the maximum pitch necessarily decreases. By comparing these curves to the 2 × 10 −13 N that we estimated above for the approximate driving force of active particles (dashed line), we get an estimate for the minimum pitch that can be achieved using active colloids. Whether this is sufficient depends of course on the application, but it is clear that the driving force of active particles will be the limiting variable for many systems. However, the driving force could presumably be increased by, for example, increasing the concentration of the fuel molecules (31) .
